Introduction at a mechanistic level.
In the initial phase of our mutagenesis program, we Circadian ‫42ف(‬ hour) rhythms regulate the function of identified a novel mutation named Clock that defines a living systems at virtually every level of organization gene essential for normal circadian behavior (Vitaterna from molecular to organismal (Pittendrigh, 1993; Turek, et al., 1994) . In the work presented here and in the ac-1994; Takahashi, 1995) . Significant progress has been companying paper (King et al., 1997b , this issue of Cell), made in two different arenas of the circadian field. At we report the completion of the second phase for the the physiological level, there is now a general underClock mutation-the elucidation of its molecular idenstanding of the neural organization of circadian pacetity. We have used two different but complementary making systems in both vertebrate and invertebrate approaches to find Clock: positional cloning and in vivo model systems (Meijer and Rietveld, 1989; Takahashi et complementation via BAC transgenesis. al., 1989 Klein et al., 1991; Block et al., 1993) . In
In a number of genetically tractable model organisms, mammals, circadian pacemakers have been localized such as Caenorhabditis and Arabidopsis, genes defined in the hypothalamic suprachiasmatic nucleus (SCN) and by mutation are routinely cloned by rescue of the mutant the retina (Ralph et al., 1990; Moore, 1996; Tosini and phenotype using in vivo complementation with genomic Menaker, 1996) . The SCN is both necessary and sufficlones mapping to the nonrecombinant interval (Gibson cient for the generation of circadian rhythms at the orand Somerville, 1993; Mello and Fire, 1995) . The develganismal level (Ralph et al., 1990; Klein et al., 1991;  opment of transgenic mice expressing large insert YAC Moore, 1995) . At the molecular level, genetic analysis and P1 clones raised the possibility of using in vivo of circadian rhythms has led to the identification and complementation to clone genes in the mouse as well cloning of three genes (period and timeless in Drosophila (Schedl et al., 1993; Smith et al., 1995 Peterson et al. , and frequency in Neurospora) that are essential for the 1997). In this paper, we show that transgenic expression generation of circadian rhythms in these organisms (reof BAC clones in mice can be used for in vivo compleviewed in Dunlap, 1996; Hall, 1995; Rosbash et al., 1996) . mentation to identify a novel gene underlying the Clock These genes have circadian expression patterns that mutation. These results demonstrate complete rescue define molecular oscillations of transcription and translation forming autoregulatory feedback loops thought of a complex behavior and identification of the gene underlying a mutation in mice. The method of cloning Generation and Analysis of BAC Transgenic Mouse Lines by rescue in mice is an important approach with wide application because it is both efficient and definitive.
As an alternative approach to the positional cloning methods described in the accompanying paper (King et al., 1997b) , we used in vivo complementation with BAC Results clones expressed in transgenic mice as a functional assay for the Clock gene. Because previous work has The Clock mutation maps to the midportion of chromoshown that the mutant Clock allele is antimorphic (a some 5, approximately 0.7 cM distal of the Kit locus "competitive" type of dominant-negative mutation) (King et al., 1997a) . High resolution genetic and physical (King et al., 1997a) , we reasoned that it should be possimapping of the Clock mutation described in the accomble to rescue the Clock mutant phenotype by overexpanying paper (King et al., 1997b ) defines a 0.2 cM nonpression of the wild-type gene. recombinant interval that is flanked by the markers We generated transgenic mice by pronuclear injection D5Mit307 and D5Nwu2 and that corresponds to a physiof BAC DNA using clones that mapped to the critical cal distance of approximately 200-250 kb ( Figure 1 ). The region containing Clock. Three sets of DNA preparations closest distal (relative to the centromere) recombinant were used: (1) a 140 kb circular BAC 54 clone, (2) a 100 marker, D5Nwu2, is located on a 40 kb NotI fragment kb linear NotI fragment from BAC 54, and (3) a 160 kb from BAC 54, while the nonrecombinant marker D5Nwu1 circular BAC 52 clone ( Figure 1 ). Fertilized oocytes were is located on the 100 kb NotI fragment from BAC 54.
obtained from two different crosses. In one cross, wildThis analysis showed that BAC 54 covers the largest type CD1 females were mated with wild-type CD1 males physical interval within the distal portion of the critical to produce wild-type embryos for pronuclear injection. region containing Clock. A second BAC clone (BAC 52) In the other cross, wild-type CD1 females were mated extends an additional ‫06ف‬ kb proximal to BAC 54; these with (BALB/cJ ϫ C57BL/6J)F2 Clock/Clock males to two BAC clones form a ‫002ف‬ kb contig that covers most produce Clock/ϩ heterozygous embryos for injection. of the nonrecombinant region of the Clock locus ( Figure  As a consequence, the transgenic founder animals were 1). Within this nonrecombinant interval, there were no either wild-type or heterozygous at the Clock locus. previously identified genes or expressed sequences.
Transgenic mice were identified by PCR of the BAC However, long-range restriction mapping of YAC clones vector-insert junctions and by Southern blot analysis and genomic sequencing of BAC clones covering this using probes specific for either the BAC vector or for interval show there are two distinct CpG islands (Figure genomic sequences within the clone. Of the mice born 1), which are characteristic features of the promoter from the BAC 54-injected embryos, 5 of 64 were positive regions of many constitutively expressed and tissuefor the transgene by both methods, 3 of 54 were positive for the 100 kb linear fragment of BAC 54, and 2 of 12 specific genes (Bird, 1992) . Clock is localized to the midportion of mouse chromosome 5; SSLP markers D5Nwu2 and D5Mit307 define the nonrecombinant interval containing Clock. The relative positions of various sequence-tagged sites, SSLP markers, and restriction enzyme sites are indicated. D5Nwu2, D5Nwu1, D5Nwu14, D5Nwu7, and D5Nwu13 are SSLP markers described in King et al. (1997b) . YAC55 appears to be a nonchimeric clone based on STS content mapping and long-range restriction mapping of overlapping YAC clones (data not shown). NotI, EagI, and NruI restriction profiles reveal two CpG islands. The three transcription units identified in this region, bendless, pFT27, and Clock, define the possible candidate genes; arrows indicate the direction of transcription and genomic extent, and introns and exons are indicated above the arrows. The BAC 54 rescuing clone is shaded. The two clones that fail to rescue, BAC 52 and the 100 kb NotI BAC 54 fragment, are shown as open bars. Telomeric (tel) and centromeric (cen) directions are indicated. Each transgenic line was derived independently from one founder mouse. Founder animals were either wild-type (ϩ/ϩ) or heterozygous (Clock/ϩ) at the Clock locus as determined by SSLP genotype. Three different DNA constructs were used to produce transgenic mice. Transgene copy numbers were estimated from densitometry analysis of Southern blots (Figure 2 ). ND, not determined. Transmittance indicates the ratio of the number of transgene positive progeny over the total number of progeny. TG48 and TG91 founder animals appeared mosaic and were not analyzed further.
were positive for BAC 52 DNA integration. A summary (line TG97). Similar estimates were obtained from analysis of BamHI-digested genomic DNA hybridized with a of the BAC transgenic lines and their characteristics is presented in Table 1. 1.3 kb probe from the pBeloBAC11 vector (data not shown). Integrity of the incorporated transgene was asTo establish different transgenic lines, each founder was crossed either to Clock/ϩ females or to Clock/ sessed by Southern blot analysis using genomic DNA probes that map to different regions of BAC 52 and Clock males. We used Clock/ϩ rather than Clock/Clock females to produce F1 progeny because matings with BAC 54 (data not shown). The hybridization pattern for transgenic lines was consistent with that observed for homozygous mutant females are, in general, less successful than those with heterozygous females (M. H. V.
both nontransgenic mouse genomic DNA and BAC DNA, with one exception: the probe 052A3AA01, which overet al., unpublished data). The F1 progeny were analyzed by PCR and Southern blotting for the presence of the laps yREB14 (Brunkow et al., 1995) , identified a BamHI band ‫2ف(‬ kb) in line TG55 transgenic animals that was integrated transgene and were genotyped for the Clock locus by flanking SSLP markers. In the majority of cases, not present in nontransgenic animals. In addition, PCR analysis of BAC 54 transgenic lines showed the presfounder animals transmitted the transgene to ‫%05ف‬ of their progeny, which is consistent with nonmosaic germence of both BAC vector-insert junctions in DNA of all positive animals. Taken together, these data suggest line transmission. Two founder animals (TG48 and TG91) produced few transgenic progeny and appeared to be that the BAC transgenes, with the exception of line TG55, appear to be intact without obvious rearrangements. germline mosaics ( of particular interest, owing to the genetic background littermates (mean ϭ 23.48 hours). After initial transfer to constant darkness, Clock/Clock mice express even of the founder and the breeding protocol that was used to produce F1 offspring (Figure 3) . The founder male, a longer circadian periods (mean ϭ 27.36 hours). In the presence of the BAC 54 transgene, both Clock/ϩ and Clock heterozygote, was mated with (BALB/cJ ϫ C57BL/6J)F2 Clock heterozygous females, which alClock/Clock mice expressed circadian periodicity comparable to wild-type mice ( Figure 4D ). Similar results lowed us to examine the effect of the BAC 54 transgene on circadian behavior in mice of all three Clock genowere obtained for all four BAC 54 lines tested (Table 2) . Interestingly, in the wild-type mice, the BAC 54 types. Figure 4 shows representative activity records of wild-type, Clock heterozygous and Clock homozygous transgene shortened period beyond the wild-type range ( Figure 4D ). mice in the presence and absence of the BAC 54 transgene. As shown in Figures 4B and 4C , non-A second phenotypic effect of the Clock mutation is the loss of circadian rhythmicity with time in constant transgenic progeny from this founder express all the phenotypic characteristics described for the Clock mudarkness in homozygotes . To quantitate the relative amplitude and persistence of cirtation. Clock/ϩ animals express longer circadian period (mean ϭ 24.18 hours) as compared to their wild-type cadian rhythms, Fourier analyses were performed on 
BAC 52 (160 kb circular) 
Period estimates of BAC transgenic (tg) animals and their nontransgenic littermates. The rhythm of locomotor activity was recorded from a total of 266 F1 progeny from 8 transgenic lines. Free-running circadian periods were calculated for the 20-day interval during exposure to DD (days 1-20) by a 2 periodogram (Sokolove and Bushel, 1978) (see text). 21 animals were excluded from analysis due to missing data or lack of a single dominant or significant circadian periodicity being detected. The Clock genotype was assigned in all but 5 cases, which were recombinant, by SSLP genotype (see text); 5 recombinant non-transgenic animals were included in the analysis on the basis of their behavioral phenotype. Values shown are the mean Ϯ standard error, with the number of animals that were analyzed from each group indicated beneath. N/A, not applicable. 1 A Generalized Linear Models (GLM) Analysis of Variance (ANOVA) was performed on the data presented here (NCSS 6.0). Significant effects of the transgenic construct used (DF ϭ 2; F ϭ 34.5; p Ͻ 0.00001), the Clock genotype (DF ϭ 2; F ϭ 246; p Ͻ 0.00001), and the presence of the transgene (DF ϭ 1; F ϭ 97.7; p Ͻ 0.00001) were detected. In addition, significant construct by genotype (DF ϭ 4; F ϭ 12.8; p Ͻ 0.00001), construct by transgene presence (DF ϭ 2; F ϭ 58.7; p Ͻ 0.00001), genotype by transgene presence (DF ϭ 2; F ϭ 40.5; p Ͻ 0.00001) and three-way interactions (DF ϭ 4; F ϭ 17.2; p Ͻ 0.00001) were detected. This indicates that circadian period is affected by Clock genotype, by transgenic BAC DNA, and by the transgenic construct used. The effect of the transgene depends on the construct used (full-length BAC 54 had an effect; the others did not), and on the Clock genotype (i.e., greater period shortening by the transgene is seen in Clock mutants than in wild-type mice). 2 Among the lines involving this transgenic construct, a 3-way GLM ANOVA was performed. Significant effects of Clock genotype (DF ϭ 2; F ϭ 68.58; p Ͻ 0.0001), transgene presence (DF ϭ 1; F ϭ 149.67; p Ͻ 0.005), and genotype by transgene presence interaction (DF ϭ 2; F ϭ 60.34; p ϭ 0.000106) were detected. This transgenic construct is effective in shortening period, and does so differentially with respect to the Clock genotype. No significant effect of transgenic line was detected (DF ϭ 3; F ϭ 1.8; p ϭ 0.149). The effects of the BAC 54 transgene on circadian period thus apparently do not depend on the position of incorporation or level of transgene expression in this analysis. 3 Among the lines involving this transgenic construct, a 2-way GLM ANOVA was performed. Clock genotype (DF ϭ 1; F ϭ 13.1; p Ͻ 0.001) was significant, but no significant effect of the transgene presence (DF ϭ 1; F ϭ 1.41; p ϭ 0.244) was detected. The 100 kb fragment of BAC 54 fails to shorten circadian period significantly as a transgene.
the wheel-running activity data from the first and second rescue of the Clock mutation. Because the different BAC 54 transgenes must be acting in trans (the Clock muta-10-day intervals in constant darkness (Table 3) . As expected, in both transgenic and nontransgenic wild-type tion and transgene segregate independently), these results strongly suggest that the gene and its requisite and Clock/ϩ mice, a clear peak within the circadian range was present with no change in the amplitude of regulatory sequences are contained within BAC 54.
To reduce the rescuing interval further, we used the the power spectral density (PSD) between the two time intervals. In Clock/Clock mice, a circadian peak with same functional assay to test two other DNA segments: a 100 kb linear NotI fragment of BAC 54 and the fullreduced amplitude was found in most animals during the first 10-day interval, while for the second 10-day length circular 160 kb BAC 52 DNA that overlaps BAC 54 by ‫09ف‬ kb (Figure 1 ). Analysis of circadian phenotype interval it was significantly reduced ( Table 3 ). The BAC 54 transgene completely rescued the loss-of-rhythm was performed for the animals from two BAC 54 100 kb lines (TG80 and TG97) and two BAC 52 lines (TG121 phenotype in Clock/Clock mice (lines TG14 and TG36, Table 3 ). Overall, mice from all of the BAC 54 transgenic and TG126). Figure 5 shows examples of the activity records for Clock/ϩ animals from each set of DNA conlines showed complete rescue of the Clock mutant phenotype. These results demonstrate that the 140 kb genostructs used to generate transgenic mice: TG55 (BAC 54), TG80 (100 kb fragment of BAC 54), and TG121 (BAC mic interval within BAC 54 is sufficient for complete (n ϭ 4) (n ϭ 5) (n ϭ 4) Circadian rhythm amplitude was estimated for BAC transgenic mice (tg) and their nontransgenic littermates from the rhythm of locomotor activity. Amplitude was measured as the logarithm of the power spectral density (log PSD) of the circadian (18 to 30 hrs) peak from Fourier analysis (Bracewell, 1986) of two 10-day intervals in DD (days 1-10 and 11-20) as described in the text. Values shown are the mean Ϯ standard error. Of a total of 266 F1 progeny behaviorally tested, 16 were excluded from analysis due to low levels of activity or missing data. The number of animals included in the analysis for each group is indicated. In some cases, Clock homozygous mice did not exhibit significant circadian rhythms upon release in constant darkness on days 1-20. In these cases, it was not possible to estimate period for inclusion in Table 2 , but Fourier analysis was valid so these values were included in this Table. 1 A Generalized Linear Models (GLM) Analysis of Variance (ANOVA) was performed on the data presented here (NCSS 6.0). Significant effects of the Clock genotype (DF ϭ 2; F ϭ 4.19, p Ͻ 0.05) and the presence of the transgene (DF ϭ 1; F ϭ 14.6; p Ͻ 0.0005) were detected. In addition, significant construct by genotype (DF ϭ 4; F ϭ 8.30; p Ͻ 0.000005), genotype by transgene presence (DF ϭ 2; F ϭ 5.29; p Ͻ 0.01) and 3-way interactions (DF ϭ 4; F ϭ 2.86; p Ͻ 0.05) were detected. No significant effects of the transgenic construct used (DF ϭ 2; F ϭ 2.87; p ϭ 0.0578) or of the data interval analyzed (first versus second 10 days) (DF ϭ 1; F ϭ 2.11; p ϭ 0.147) were detected. Because the Clock mutation affects this measure only in the homozygous condition , transgenic lines lacking Clock homozygotes confounded the analysis. The effects of the Clock mutation could only be detected in those lines in which homozygotes were examined, hence the significant construct by genotype interaction. Further, the effects of the transgene could only be detected in homozygotes, hence the significant genotype by transgene presence interaction. 2 To examine the effects of the transgenic constructs on the loss of rhythmicity in Clock homozygotes, a separate 3-way GLM ANOVA was performed on the data of this Clock genotype. Significant effects of the construct (DF ϭ 1; F ϭ 6.94; p Ͻ 0.05), the presence of the transgene (DF ϭ 1; F ϭ 10.1; p Ͻ 0.005), and the interval (DF ϭ 1; F ϭ 31.5; p Ͻ 0.00001) were detected. Transgene presence by construct (DF ϭ 1; F ϭ 11.4; p Ͻ 0.005) and presence by construct by interval (DF ϭ 1; F ϭ 10.17; p Ͻ 0.005) interactions were significant. BAC 54 transgenes prevented the decline in circadian amplitude in Clock homozygotes with time in DD, while BAC 52 transgenes had no effect.
52). In all cases, the 100 kb fragment from BAC 54 and Transcription unit analysis of the Clock region (King et al., 1997b) reveals that there are only three candidate BAC 52 failed to rescue both the long period and lossof-rhythm phenotypes in transgenic Clock mutant mice genes that lie within or overlap BAC 54 (Figure 1 ). Of these three candidates, only one transcription unit that (Tables 2 and 3 ). These results show that functional rescue of the Clock mutation is achieved only with the spans ‫000,001ف‬ base pairs and contains 24 exons is consistent with the pattern of rescue in the different full-length BAC 54 transgene. Not all individual points can be seen due to overlapping values. Number of animals from each line tested is indicated on the bottom of the bar. Among the Clock/ϩ mice from these lines, significant effects of transgenic construct (2 DF, F ϭ 9.60, p Ͻ 0.0005), transgene presence (1 DF, F ϭ 16.55, p Ͻ 0.0005), as well as construct by transgene interactions (2 DF, F ϭ 10.8, p Ͻ 0.0001) were detected (GLM ANOVA). TG55 transgenic progeny had significantly shorter periods than all other groups as determined by Tukey's post hoc tests (p Ͻ 0.05). There were no significant differences between transgenic and nontransgenic Clock/ϩ progeny in lines TG80 and TG121. transgenic constructs (Figure 1 ). This entire transcrip-
Transgene Expression and Correlation with Rescue
Based on copy number and phenotypic analyses, tion unit is contained within full-length BAC 54, and, interestingly, it begins near a CpG island. By this analytransgene-positive animals from rescuing lines were expected to express higher levels of Clock mRNA. A Northsis, the 100 kb NotI fragment from BAC 54 is "promoterless": it is missing all 5Ј flanking regulatory sequences ern blot of RNA isolated from hypothalamic tissue of Clock/ϩ transgenic and nontransgenic animals from difas well as exons 1a and 1b. The BAC 52 transgene contains even less of this transcription unit, as it is missferent lines was probed with a Clock-specific cDNA, yz50 ( Figure 6A ), and a bendless probe (Muralidhar and ing exons 1a, 1b, and 2. As described in the accompanying paper, this large transcription unit encodes a novel Thomas, 1993) ( Figure 6B ). The ‫8ف‬ and ‫11ف‬ kb Clock transcripts were present in all RNA samples; however, member of the basic-helix-loop-helix (bHLH)-PAS domain family of transcription factors (King et al., 1997b) . transgenic animals from rescuing lines (TG14, TG36, and TG55) showed significantly higher levels of Clock mRNA Therefore, on the basis of in vivo complementation, we conclude that this candidate is the Clock gene.
than nontransgenic littermates, and these levels roughly leads to an increase in Clock mRNA expression in the SCN that correlates with the functional rescue of the circadian behavioral phenotype in these mice. correlated with transgene copy number. A small difference was seen in line TG60 (other experiments, data not shown), which is consistent with the low transgene Discussion copy number (1-2 copies) in this line. An additional transcript of 2.4 kb was present in line TG55; this could Circadian rhythmicity represents a complex behavioral and physiological phenotype. Clock genes have been represent a truncated fragment at the transgene integration site (see transgene integrity results above). Alternaidentified in other organisms, most notably the period (per) and timeless (tim) genes in Drosophila and the tively, this additional transcript could be revealing a change in RNA processing, as the 3-to 5-fold overexfrequency (frq) gene in Neurospora. Interestingly, both per and frq were cloned by rescue (Bargiello et al., 1984 ; pression level of the 8 and 11 kb transcripts does not appear to match the 8-to 10-fold transgene copy num- Zehring et al., 1984; McClung et al., 1989) . Indeed, per is the first example of any gene to be cloned by p-element ber. Clock mRNA expression levels were not different between transgenic and nontransgenic mice in the nontransformation in Drosophila. In mammals, no clock genes have been previously cloned and shown to have rescuing lines TG97 and TG121. Finally, all animals (transgenic and nontransgenic from rescuing and nona functional role in the circadian system. Using a deliberate ENU mutagenesis screen, we identified a single rescuing lines) showed the same level of expression of bendless 1.3 and 4.0 kb transcripts. Thus, rescue of gene, Clock, that is essential for circadian rhythmicity . In the studies reported here, we the Clock phenotype directly correlates with the higher expression level of only one transcription unit in the used transgenic rescue as an approach to identify the Clock gene at the molecular level. We have shown that transgenes: Clock.
To determine the expression pattern of the BAC 54 a large transcription unit with 24 exons spanning ‫000,001ف‬ base pairs of genomic sequence is the only transgene in a rescuing line, we performed in situ hybridization with brain sections from line TG36 Clock/Clock candidate gene consistent with the transgenic rescue experiments. Taken together with the results of posimice using riboprobes from the yz50 cDNA clone ( Figure  7) . The expression of Clock mRNA was lower in Clock tional cloning reported in the accompanying paper (King et al., 1997b) , which define the molecular nature of the of transgenesis and the complete rescue obtained with the circular 140 kb BAC 54 DNA injections are striking Clock mutation, we can definitively conclude that a novel and could be due to a number of factors: first, the use member of the bHLH-PAS domain family of transcription of circular BAC DNA facilitates one's ability to obtain factors functions as the Clock locus.
extremely pure DNA samples for microinjection; second, The use of transgenic technology to rescue a mutant the BAC vector sequence is small ‫)%5ف(‬ relative to the phenotype provides the most powerful means available genomic DNA; and third, this genomic segment contains to prove that a cloned candidate gene (or a large DNA the entire Clock transcription unit and appears to consegment identified from positional cloning) is indeed the tain all necessary regulatory elements of the Clock locus. locus responsible for a particular mutant phenotype.
The functional rescue of the Clock phenotype is in The strategy of positional cloning ultimately relies upon complete agreement with the transcription unit identifia correlation between a sequence alteration identified cation results of King et al. (1997b) in which a novel in a candidate gene and a mutant phenotype. This assogene, Clock, was identified as a primary candidate for ciation is strengthened if sequence alterations are identhe mutant phenotype. Other transcription units in the tified for each of the multiple mutant alleles of a gene, but region included pFT27 (Akagi et al., 1988 ) and a homolog it nevertheless remains correlative in nature. However, of the Drosophila gene bendless (Figure 1 ). BAC 54 does such corroboration is not possible in cases of genes for not contain the full pFT27 gene, while its complete sewhich only one mutation has been identified, such as quence is found in BAC 52, a clone that did not rescue Clock. In contrast, rescue of a mutant phenotype by the mutation in either of two lines tested. The bendless transgenic insertion of a candidate gene sequence sequence homolog is contained within all three BAC allows for direct functional assay of the candidate and constructs tested; therefore, the lack of rescue in the does not require identification of multiple alleles. Thus, BAC 52 and 100 kb BAC 54 lines excluded this candifunctional rescue represents the strongest evidence that date. In addition, bendless appears to be a processed a candidate gene identified by position is in fact the pseudogene: genomic sequence analysis shows that gene responsible for the mutant phenotype.
the bendless homolog lacks introns and is flanked by Recently, substantial progress has been made in gendirect repeats (Yamaguchi et al., 1996) . Furthermore, its erating transgenic mice by insertion of large DNA segexpression is not increased in the rescuing transgenic ments, mainly YACs (reviewed in Peterson et al., 1997) . lines ( Figure 6 ). Thus, Clock is the only transcription The insertion of large (several hundred kb) fragments of unit completely included in this genomic interval that genomic DNA into the mouse germline allows one to rescues the mutant phenotype. Taken together with the study the phenotypic expression of an entire gene, identification of a sequence alteration in the Clock mumultigene loci, or even distant regulatory sequences in tant (King et al., 1997b) , we can conclude that the gene their native sequence environment. The large size of contained in full-length BAC 54 is indeed responsible YAC clones, while advantageous for mapping purposes, for Clock function. makes them very difficult to handle. BACs, while signifiThe rescue of the Clock mutation in mice contrasts cantly smaller in size and thus amenable to manipulawith the phenotypic rescue of circadian clock genes in tion, can still represent a large genomic segment. BACs Drosophila in several ways. In per, only partial rescue by are circular DNA molecules that can be handled as conp-element-mediated transformation was accomplished ventional plasmids, allowing cesium chloride prepara- (Bargiello et al., 1984; Zehring et al., 1984) , whereas we tions that result in the highly pure samples necessary observed full rescue of both of Clock's major phenotypic for microinjections. Therefore, we chose BACs as an effects with the BAC 54 transgene. Rescue of per 0 and alternative to YACs both for cloning and for microinjecper Ϫ null alleles was attempted, whereas we have demtion. The success rate for creating transgenics with BAC onstrated rescue of a semidominant allele with Clock. DNA was comparable with that for YAC transgenesis:
With transgenic rescue of per, strong positional effects about 10%.
were detected (Bargiello et al., 1984; Zehring et al., 1984 ; We generated transgenic mice using a set of overlapHamblen et al., 1986; Baylies et al., 1987) , whereas we ping BAC clones and then tested these mice phenosee no evidence of positional effects among the BAC typically for Clock mutation complementation. The 54 lines. In Drosophila, partial per rescue can be accomphenotypic rescue obtained in these experiments was plished without a promoter region (Frisch et al., 1994) , complete, quantitative, and unambiguous. Clock was whereas in mice the 100 kb BAC 54 linear fragment, originally identified on the basis of an altered circadian which represents a Clock promoterless construct, fails period: heterozygotes have free-running circadian perito rescue the mutant phenotype. Finally, in mice, one ods approximately one hour longer than normal, while or two copies of the transgene (TG60) is sufficient to homozygotes have periods approximately four hours produce phenotypic rescue. Because multiple lines carlonger than normal and eventually lose circadian rhythrying the same transgenic construct have not been exmicity with time in constant darkness (Vitaterna et al., amined in all Clock genotypes, it is not possible to evalu-1994). In heterozygous mutant animals, the BAC 54 ate quantitatively the effects of the transgene copy transgene shortened the free-running period length of number at this time. It will be of interest to test whether the activity rhythm to the wild-type range. In homozya period shortening-copy number relationship holds for gous mutant animals, the BAC 54 transgene both shortClock as has been described for per (Baylies et al., 1987) . ened the free-running period to the wild-type range and
To that end, we previously have examined the effects prevented the loss of circadian rhythmicity. ) allelic combinations (King et al., 1997a) . From such an analysis, we the circadian period of the mutant mice. The efficiency concluded that Clock is an antimorphic mutation; that following scenario for a future positional cloning project is, it has a phenotypic effect that is antagonistic with in the mouse. One would map a mutation with high the normal allele (Muller, 1932) . This interpretation of resolution to a set of physically ordered BAC clones. the Clock mutation is based primarily on the finding that This set of BAC clones then would be used for transgenic a single copy of the mutant allele (Clock/W 19H ) produces rescue of the mutant phenotype. Once a rescuing BAC a more severely affected phenotype (i.e., longer circawas obtained, the genomic sequence would be analyzed dian period) than one mutant allele and one wild-type for candidate genes. Finally, conventional methods allele (Clock/ϩ), but not as severely affected as the phewould be used for mutation identification. This type of notype produced by two mutant alleles (Clock/Clock).
scenario is already a reality in Caenorhabditis elegans; If Clock is indeed an antimorphic allele, this leads one we expect the mouse should soon follow. to predict that transgenic overexpression of wild-type Clock should have the hypermorphic effect of shortening (Shizuya et al., 1992) and is cloned into the pBeloBAC11 vector at the HindIII cloning site . BAC wild-type per (Smith and Konopka, 1981; Baylies et al., 54 and 52 circular DNA were isolated using an alkaline lysis and 1987) or an overactive allele (Rutila et al., 1992) can cesium chloride gradient ultracentrifugation protocol described for shorten circadian period. Although constitutive overexcosmid DNA purification (Favello et al., 1995) with some modificapression of per abolishes rhythmicity (Zeng et al., 1994) (Sambrook et al., 1989) . A pBelo-BAC11 vector fragment (nucleotides 1607-2900) and clone L4 (a activity was monitored essentially as described in Vitaterna et al. (1994) . Mice were individually housed in cages equipped with a cDNA clone from the 3Ј untranslated region of the Clock transcript that was present in all transgene constructs) were used as hybridizarunning wheel in the same LD 12:12 cycle as previously for one week, and then transferred to constant darkness for at least 3 weeks. tion probes. For copy number estimation, 5 g of genomic DNA from F1 transgenic animals and nontransgenic littermates was diActivity was monitored with an on-line PC computer system (Stanford Software Systems, Chronobiology Kit). gested with BglII or BamHI. BAC 54 DNA equivalent to 1, 3, and 5 copies per genome was digested with the same enzyme and mixed Period calculations were performed for a 20-day interval in constant darkness (days 1-20) by 2 periodogram analysis (Sokolove with digested control genomic DNA. All samples were size fractionated on the same gel and then hybridized with L4 (BglII digests) or and Bushel, 1978, Chronobiology Kit). Periods at 1-min increments ranging from 20 to 30 hr were tested. It should be noted that this pBeloBAC11 (BamHI digests) probes. Autoradiograms were exposed to X-ray film at Ϫ70ЊC with an intensifying screen and anaestimation of free-running period differs from those previously reported for the Clock mutation , i.e., the first lyzed using the Quantity One (Version 3.0) densitometry program (PDI, Inc., Huntington Station, NY). For transgene integrity assess-20 days in constant darkness was used rather than the first, the second, or a steady-state 10-day interval. The 20-day interval was ment, 10 g of genomic DNA and 0.5 ng of BAC 54 DNA were digested with BamHI, EcoRI, or BglII and hybridized with probes chosen so that the same time period could be analyzed for all three Clock genotypes. Many Clock heterozygotes express a circadian corresponding to different regions of BAC 52 and BAC 54. These probes were generated from M13 shotgun sequencing library clones period less than 24 hr, comparable to wild-type mice, when initially placed in constant darkness, but the period lengthens over time. from BAC 52 (clones 052A2GH10, 052A2FB08, and 052A3AA01, the last of which aligns with the STS yREB14 [Brunkow et al., 1995] ) by However, many Clock homozygotes lose circadian periodicity by the second 10 days in constant darkness. Estimation of steady-PCR amplification using M13 vector primers. All probes were 32 Plabeled to a specific activity of about 1-2 ϫ 10 9 cpm/g DNA using state period tended to include a different interval dependent upon the Clock genotype. By using a 20-day interval, period estimates random priming (Ready-To-Go Kit, Pharmacia).
represent an average across an interval during which period (at least for Clock heterozygotes and homozygotes) was changing in many Clock Genotyping mice. Hence, the period estimates for Clock mutants reported here All founder animals and F1 progeny were genotyped for the Clock are often shorter than those obtained from an interval during which locus using simple sequence length polymorphisms (SSLPs) (Diethe period was at steady state. Out of a total of 266 mice that were trich et al., 1992), with some modifications as described (King et al., behaviorally tested, 21 were excluded from periodogram analysis 1997a). SSLP primer pairs were obtained from Research Genetics.
due to detection of multiple periodicities, a lack of significant period, One SSLP proximal (D5Mit201) and one distal (D5Mit309) to the or missing data. Clock locus were used to assign the animal's Clock genotype.
Fast Fourier analysis was performed for two 10-day intervals in Transgenic animals recombinant for the Clock locus were excluded constant darkness (days 1-10 and days 11-20). Frequencies ranging from the analysis. Recombinant animals that did not carry the from 0 to 6 cycles per day were tested with a 6-min step size. The transgene were behaviorally tested for circadian locomotor activity, analysis involves first calculating the Hartley transform and then and the presumed Clock genotype was assigned by phenotype.
converting the result into the Fourier transformation (Bracewell, 1986) . The amplitude of the power spectral density (PSD) of the Total RNA Isolation and Northern Blot Analysis circadian peak (peak closest to 1 cycle/day) was measured. For Total RNA was prepared by the method described in Chomczynski statistical analysis, the logarithm of the PSD amplitude was used and Sacchi (1987) . Mice were sacrificed at ZT6 (Zeitgeber time; 6 to maintain homogeneity of variance. Low levels of activity could hours after lights on) after being kept in a 12 hours light:12 hours result in artifactual lowering of the PSD. For this reason, 16 of 266 dark (LD 12:12) light cycle for at least 2 weeks. RNA isolated from mice that were behaviorally tested were excluded from PSD hypothalamic tissue was separated on 1% agarose denaturing formanalysis. aldehyde gels, transferred to nylon membranes (Duralon-UV, StraBoth the free-running period and the log PSD were analyzed by tagene), and cross-linked to the membrane by UV irradiation using Generalized Linear Models (GLM) Analysis of Variance (ANOVA), a UV Stratalinker 1800 (Stratagene). Blots were prehybridized for at using Number Cruncher Statistical Systems (NCSS ver. 6.0; Kaysleast 1 hr at 42ЊC in 50% formamide, 0.1% Blotto, 6ϫ SSPE, 0.5% ville, UT). First, a 3-way ANOVA was performed to test for the main SDS, and 0.5 mg/ml salmon sperm DNA. Following hybridization effects: Clock genotype, presence/absence of the transgene, and with yz50 probe or bendless probe (see Results), blots were washed transgenic construct. For the log PSD, a repeated measures design once with 2ϫ SSC, 0.5% SDS at room temperature and then twice for the two 10-day intervals was used, so that interval number added with 0.3ϫ SSC, 0.5% SDS at 65ЊC. Blots were normalized for the a dimension to the ANOVA. Then, within each transgenic construct, RNA loading by hybridization with a 51-mer oligonucleotide complethe effects of Clock genotype, presence/absence of the transgene, mentary to 18S ribosomal RNA: 5ЈGATGTGGTAGCCGTTTCTCAGG and transgenic line were tested. A Tukey's test was used for all post CTCCCTCTCCGGAATCGAACCCTGATTCC 3Ј. The probe was lahoc pairwise comparisons. beled with [␥- 32 P]ATP using T4 polynucleotide kinase and purified by polyacrylamide gel electrophoresis. Hybridization was performed Acknowledgments as described in King et al., (1997b) .
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